An experiment in 199 m of water on the Oregon shelf produced continuous current speed profiles down to the sediment-water interface. These profiles show that the velocity structure above the viscous sublayer is consistent with that expected when form drag influences the boundary layer flow. They show two logarithmic-profile regions, each yielding a different stress estimate. The stress calculated from the upper one reflects the influence of form drag and is more than 4 times the bed stress determined frm the shear in the viscous sublayer. When form drag is significant, the applicatiorl of logarithmic profile or Reynolds stress techniques to measurements more than a few tens of centimeters from the bed may yield bed stress estimates inappropriate for use in near-bed sediment transport or entrainment calculations. Large roughness-length or drag-coefficient values do not prove that a viscous sublayer does not exist.
INTRODUCTION
In sediment transport studies it is important to distinguish between the contribution of skin friction and that of form drag to the total boundary stress [Einstein, 1950 [Einstein, , 1964 Smith, 1977] . Skin friction here refers to the shear stress averaged over a few tens of grain diameters, whereas form drag is that portion of the total stress caused by the irregularity of the boundary. Although flow in the upper part of the boundary layer is influenced by the total stress, erosion and near-bed sediment transport are related to skin friction alone. When form drag is significant, the simple logarithmic profile expected in turbulent flow over a horizontally homogeneous surface may not be found. Instead, above a bed with sparse roughness elements the profile may consist of several regions with different logarithmic slopes [Arya, 1975] 
but where the friction velocity u. and the roughness parameter z0 now reflect the characteristics of the surface between the large-scale roughness elements. This friction velocity u. is based on the local skin friction (which may be spatially variable) rather than on total stress. (If the intervening surface is hydrodynamically smooth, z0 is not determined by the small-scale roughness characteristics, but rather by the thickness of the viscous sublayer [Chriss and Caldwell, 1981] .) Although this description suggests a profile comi Now at Department of Oceanography, Dalhousie University, posed of two intersecting segments, Smith [1977] and Smith and McLean [1977] demonstrate that multiple roughness scales can generate velocity profiles with more than two segments. Thus when form drag is important the constantstress assumption will not be valid.
In an earlier paper [Caldwell and Chriss, 1979] , we demonstrated the existence of the viscous sublayer in the bottom boundary layer and found a logarithmic layer above it. In examining additional data from the experiment, segmented profiles were found in the logarithmic region (Figures 1 and  2) , as expected if form drag influences the flow. When the original data set was reanalyzed, using thinner averaging intervals in the upper portion of the profile and also incorporating both upward and downward traverses, it too shows two distinct logarithmic slopes. (In the original study, only downward traverses were used.) Although deviation from a single logarithmic form is not necessarily large, the slope of the logarithmic regression is significantly different in the two regions, implying that the turbulent stress above is significantly larger than it is nearer the bed. This experiment represents the first time in a natural environment that continuous profiles of current velocity have been obtained down to the sediment-water interface.
We find that estimates of bed shear stress, using sensors located farther than 15 cm from the bed, were significantly influenced by the presence of form drag and that sediment entrainment calculations, using such estimates, would be based on stresses more than 4 times the true stress at the bed.
THE EXPERIMENT
The experiment was carried out October 11-12, 1978, at 45ø20'N (199 m total water depth) on the Oregon shelf. The surface sediment was silty sand [Runge, 1966] . Profiling heated-thermistor velocity sensors were mounted on a 2-mhigh tripod placed on the seafloor. Most data come from an 18-hour deployment. Some additional data were obtained in a 4-hour deployment. A data acquisition system on the tripod sampled each thermistor every 1.5 s during the 18-hour deployment and every 0. 
where P is the power dissipated in the thermistor, AT is its temperature rise, U is the speed, and A, B, and N are experimentally determined. Inversion of this formula allows the calculation of speed from measurements of P/AT, which is computed from the output of a bridge circuit. By using (3) with empirically determined A, B, and N, speed can be determined within 0.1 cm/s in the laboratory. The heated thermistors measure speed only, flow direction being determined by a small vane. The heated thermistors were carded up and down by a crank-and-piston mechanism driven by an underwater motor. The mechanism was mounted outside one tripod leg, to provide unobstructed flow through an arc of 300 ø . Only data from times when the flow was completely unobstructed were analyzed. The profiling period was 1 min, .and the vertical travel was 21 cm. During the 4-hour deployment, the therm- Logarithmic regression in the upper segment yielded estimates of Z0 and U, (Table 1) . For the latter calculation, k in the top segment was taken to be 0.4. A second sensor produced qualitatively similar segmented profiles. Detailed analysis of this data was discontinued, however, because large and variable k estimates (0.8-1.6), occasional negative shears, and evidence of intermittent sensor malfunction indicate that these data may not be reliable.
Before considering the significance of the segmentation of the profiles, we consider two questions: (1) Are these profiles representative of this region, or do they merely reflect some unusual conditions in the immediate area of the tripod; and (2) is the segmentation an artifact of our measuring system? The question of representativeness can be approached by considering that although all of the data of Table 1 and Figures 1 and 2 came from the 18-hour deployment, similar segmented profiles were obtained during the 4-hour deployment. Because of the small chance of setting the tripod down in the same spot twice, these results must be representative to some extent. To answer the second question, we consider profiles obtained at the beginning of each deployment. As the tripod was lowered to the seafloor, the profiler mechanism was operating but in a retracted position to prevent damage to the sensors. A timed release lowered the mechanism to the sediment 20-40 min later. So at the beginning of each deployment the sensors were being traversed between 26 and 47 cm above the sediment. These profiles show no segmentation, evidence that the profiler mechanism itself does not cause it.
Although Smith [1977] and Grant and Madsen [1979] suggest that, for combined waves and current near the sea bed, the slope of the mean velocity profile above the wave boundary layer may differ from that closer to the bed, it is unlikely that the segmented profiles in our study represent such an effect 
DISCUSSION
Although the shape of the profiles suggests that form drag was significant, we have no direct information about bedforms or other small-scale features in the area. We tried to obtain stereo photographs with a borrowed camera system, but were foiled by a faulty triggering mechanism. The timelapse camera on the tripod did obtain low-quality photographs of the bed, but, because the field of view was restricted to 1 m 2 and because the lighting was optimized for sensor observation, the absence of obvious features in these photographs is not conclusive. Features just outside the field of view could have significant influence on the flow. Because the photographic information is inconclusive, estimates of the size and spacing of roughness elements must come from analysis of the velocity profiles themselves. In a later section of this paper, we will, however, present some photographic evidence from an area 65 km to the south.
The following analysis is restricted to the 18-hour deployment because during the shorter deployment the currents were extremely small so the observations are less accurate. 
Estimates of Roughness Element
As was noted by Arya [ 1975 Height estimates for the elements can be obtained from a model developed by Arya [1975] for estimation of Z0 and rt over Arctic pack ice. Because we lack the detailed topographic information required to verify the assumptions of the model, we will apply the model formally but interpret the results of our analysis with some caution. Although (10) was derived to predict Z0, it can be solved (iteratively) for h, using measured values of Z0, z0, and kr from our profiles, together with estimates of the other quantities. We set b to 70 cm; changing it by 50 cm changes h by only 10%. We set B to zero, but with our data the model is not very sensitive to the value of B. The spacing s was taken to be 348 cm based on estimates of x (Table 2) The results of these calculations (Table 3) Also shown are drag coefficients (C•oo) calculated using the data from the upper logarithmic region.
Techniques Used to Estimate Bed Stress
It is common practice in sediment-transport studies to measure the mean current some distance above the bed (typically 100 cm) and to estimate the bed stress from the quadratic law:
Here r0 is taken to be the bed stress, and C•00 is a dimensionless drag coefficient [Sternberg, 1968 [Sternberg, , 1972 McCave, 1973; Ludwick, 1975; Komar, 1976] . Because C•0o
is commonly determined by a logarithmic profile technique in which the velocity profile is measured well above the bed, the measured stress and therefore the calculated C•00 may be influenced by form drag. If the goal of a study is to obtain an estimate of skin friction for use in entrainment or transport calculations, and if form drag is significant, use of (12) It must be emphasized that the data that form the basis for this paper were obtained during one experiment conducted at 199 m water depth on the Oregon shelf during October 1978 and can only be assumed to reflect the flow conditions during this experiment. While tbrm drag may be of equal (or greater) importance in other shelf and deep-sea locations, we lack the direct evidence necessary to demonstrate this. In the subsequent experiments (April and June 1979), we restricted the profiler motion to 6 cm to increase the resolution of the viscous sublayer and so-calledbuffer layer. While doing so allowed us to construct mean velocity profiles by using averaging times as short as 10 min, it prevents us from examining these profiles for evidence of form drag. However, data from the sublayer profiler coupled with data from a Savonius rotor 59 cm above the sediment during the June 1979 experiments (in 90 and 180 m water depths) are consistent (within the accuracy of the rotor) with the assumption of a constant stress layer extending from the sediment up to 59 cm [Chriss and Caldwell, 1981] . These data suggest that form drag did not significantly influence the flow during the June 1979 experiment.
Clearly, future experiments must incorporate both sublayer profiling (to determine bed stress) and profiling of the lower logarithmic region to determine the extent to which bottom boundary layer flow is influenced by form drag in various environments. These experiments must include quantitative determination of the small-scale topography, especially if drag-partition models are to be tested.
CONCLUSIONS
Above the viscous sublayer, the velocity profiles observed during this experiment consisted of two distinct regions, each characterized by a different logarithmic velocity pro-file. Applying the models of Elliot [1958] and Arya [1975] to these data, we conclude that the influence of form drag on boundary layer flow over sparse roughness elements could produce the velocity structure that we have observed. When form drag is significant, the use of the logarithmic profile or Reynolds stress techniques, if based on flow measurements obtained more than a few tens of centimeters from the bed, may yield stress estimates several times larger than the bed stress. If the goal of a study is to obtain bed stress estimates for use in sediment transport or entrainment calculations, such errors may be unacceptable.
Large values of the roughness parameter (Z0) and the drag coefficient (C•00), if based on measurements at substantial distances above the bed, do not rule out the existence of a viscous sublayer at the sediment-water interface. This observation is significant, not only for sediment and momentum transport problems, but also because the presence or absence of a viscous sublayer may have important implications for the vertical transport of heat and chemical species at the sediment-water interface.
